Rho is a ring-shaped hexameric motor protein that translocates along nascent mRNA transcript and terminates transcription of select genes in bacteria. Using a numerical optimization algorithm that simultaneously fits all of the presteady-state ATPase kinetic data, we determine how Rho utilizes the chemical energy of ATP hydrolysis to translocate RNA. A random hydrolysis mechanism is ruled out by the observed inhibition of ATPase in a mixed hexamer containing wt and an inactive Rho mutant. We propose a mechanism in which (1) all six subunits are catalytically competent and hydrolyze ATP sequentially, (2) translocation of RNA is driven by the weak to tight binding transition of nucleotide in the catalytic site, (3) hydrolysis is coordinated between adjacent subunits by the transmission of stress via the catalytic arginine finger, (4) hydrolysis weakens the affinity of a subunit for RNA, and (5) the slow release of inorganic phosphate is controlled by changes in circumferential stress around the ring.
Introduction
The Escherichia coli transcription termination factor Rho is a homohexameric protein that utilizes ATP to translocate along mRNA and dislodges the nascent nucleicacid chain from the transcription holoenzyme. Its six identical subunits are arranged in a torus with six canonical ATP binding sites located at the interfaces of the C-terminal domains of adjacent subunits (see Figure  1A ). Each ATP binding site is composed of adjacent Walker-A/Walker-B motifs typical of RecA-like proteins that utilize NTP to perform mechanical work in the cell (Ye et al., 2004) . After binding to a transcript at a cytosine-rich rut (Rho utilization) site, Rho loads the polynucleotide into its central channel before adopting a conformation competent to processively translocate along the strand (Burgess and Richardson, 2001) .
Rho has two nucleic acid binding sites: a primary site that binds RNA or DNA at multiple subunits ( Figure 1A ) and a secondary site that is specific for RNA and functionally coupled to ATP binding and hydrolysis (Richardson, 1982) . Two motifs on each subunit are essential for secondary RNA binding and to Rho's catalytic activity ( Figure 1B) . The Q and R loops line the central channel of the protein and make contacts with RNA through specific positive residues Richardson, 2001a, 2001b; Xu et al., 2002) . The R loop makes additional contacts with the P loop of the ATP binding domain and is thought to act allosterically to couple ATP hydrolysis and the translational motion of RNA through the central pore of the ring .
To understand the functional mechanism by which Rho couples the hydrolysis of ATP to translocation requires knowledge of its kinetic pathway during active translocation. Several groups have proposed models for this (Geiselmann et al., 1993; , but the exact mechanism remains controversial. Even the number and type of ATP binding sites is widely disputed in the literature. One group claims that Rho contains a single class of ATP binding sites and that only three of the subunits are competent to participate in fast hydrolysis of ATP Stitt, 2001; . Another group suggests that Rho contains two persistent classes of sites: one class turns over ATP slowly, and the other class turns ATP over rapidly and is responsible for its main catalytic activity Patel, 1999, 2001; . Still, others have suggested that sites may interconvert between weak and tight binding through a conformational change in the individual subunits Xu et al., 2002) .
In this paper, we present presteady-state experiments that clarify and further elucidate the translocation mechanism. We find evidence that more than three sites hydrolyze ATP at a fast rate and that all six of the subunits hydrolyze ATP in the presence of RNA. At high ATP concentrations, P i release is rate limiting, and we deduce that it is controlled by mechanical stresses generated by tight binding of nucleotide and propagated around the ring. Using a modified version of the computational algorithm developed by for the study of multimeric, multistate enzymes, we propose a model for the kinetic pathways of Rho that fits all of the data presented here and provides a simple physical explanation for the behavior of Rho mutants deficient in the ability to bind RNA.
Results and Discussion

Nucleotide Binding
To determine the number of nucleotides that bind to the hexameric Rho protein in the presence of polyC, we have used the ATP analog [BeF x ]$ADP. A slow hydrolyzing analog is required for these studies because Rho hydrolyzes ATP at a rapid rate in the presence of RNA. An ideal ATP analog is one that binds as tightly as ATP and causes the same conformational changes as ATP. AMPPNP binding experiments in the presence of RNA showed either four nucleotides or six nucleotides bound with negative cooperativity . Our studies and those of others have indicated, however, that AMPPNP is not a good ATP analog and does not induce the same conformational changes as ATP in the presence of RNA Jeong et al., 2004) . Therefore, we searched for better ATP analogs to measure nucleotide binding in the presence of RNA. Metal fluoride-ADP complexes have been used as ATP analogs and for structural studies, and [BeFx]$ADP is considered an analog of ATP (Fisher et al., 1995; Ponomarev et al., 1995) . We find as shown in Figure 2A (A) Open structure of Rho (PDB 1PVO) with a modeled RNA strand bound to the primary binding sites courtesy of Emmanuel Skordalakes and James Berger. Alternating subunits of the hexamer are shown in blue and yellow, and the hypothetical configuration of the RNA strand is shown in red. This structure most likely represents an initiation conformation, which is not competent to undergo ATP-driven translocation. (B) Structural detail showing the secondary site RNA binding Q loop, the nucleotide binding Walker A (P loop) and B motifs, and the arginine finger from the adjacent subunit. The R loop in this persepective is obscured by the Q loop. The RNA in the secondary site is shown as a cartoon circle because the exact interactions with the secondary binding site are unknown. (C) Cartoon showing the two stress loops that coordinate the progression of ATP hydrolysis cycles in each subunit. a hyperbolic increase in the amount of nucleotide bound to the Rho hexamer ( Figure 2B ). The hyperbolic fit indicates that w4.8 [BeF x ]$ADP bind per Rho hexamer at saturating nucleotide concentrations, with an equilibrium dissociation constant (K D ) equal to 11 mM, which is close to the K m of ATP. In the absence of RNA, Rho binds 2.5 [BeF x ]$ADP with a K D of nearly 70 mM. The stoichiometry of [BeF x ]$ADP binding in the absence of RNA is less than the three sites/hexamer observed for ATP binding . This might be due to some differences in the mode of analog versus ATP binding. In the absence of beryllium fluoride, no binding of ADP was observed (data not shown). The results with RNA indicate that the Rho hexamer is capable of binding more than three, but less than six, nucleotides. That less than six nucleotides bind suggests that there is negative cooperativity among the nucleotide binding sites of Rho.
Chase-Time Kinetics
Chase-time kinetic experiments quantify the number of ATP molecules tightly bound to the hexamer that are competent to undergo hydrolysis starting from an initial binding configuration. Initially, Rho is incubated with [a-32 P] ATP, then it is rapidly mixed with polyC and excess unlabeled ATP. The reaction is halted after a range of chase times (milliseconds to seconds) with formic acid and the amount of ADP bound to the protein and in solution is quantified (Jeong et al., 2002; .
The chase-time kinetics of ATP hydrolysis is shown in Figure 3A . The solid lines in the plot are fits to a single exponential and the asymptotic amplitudes of these trajectories provided the ensemble average number of ATPs tightly bound to the Rho hexamer that are hydrolyzed. Weakly bound ATP dissociates into the solution and is diluted by unlabeled ATP before being hydrolyzed and so is not detected by this assay. Likewise, labeled ATP that does not initially bind to the hexamer is diluted after rapid mixing, and so this makes a negligible contribution to the measured quantities. Although the total amplitude of ATP hydrolysis is very similar, biphasic kinetics were not observed in the chase-time experiments that have been reported in the literature (Stitt, 2001; . The occupancy of bound ATP reaches a maximum of w3.5 ATP per hexamer (Figure 3B ). This number should not be confused with the number of catalytically competent subunits in the hexamer. A plausible explanation for observing less than six ATP hydrolyzed is that mechanical stresses in the ring during ATP binding limits the number of molecules that can be simultaneously bound tightly, creating an effective negative cooperativity. Such negative cooperativity has been observed in the nucleotide binding of other hexameric helicases such as DnaB, RepA, and gp4 T7 Jezewska et al., 2005a Jezewska et al., , 2005b . These data, along with evidence from other groups , lead us to conclude that, in saturating conditions Rho can only accommodate w3.5 ATP per hexameric ring or 5 [BeF x ]$ADP per hexameric ring.
Presteady-State Kinetics Show Biphasic ATP Hydrolysis Acid-quench presteady-state kinetic assays were carried out to elucidate the dynamics of ATP hydrolysis. The Rho protein was incubated with polyC RNA and then rapidly mixed with [a- 32 P] ATP. This reaction was quenched with formic acid at various times (milliseconds to seconds), and formation of ADP was measured. The resulting time trajectories for initial ATP concentrations ranging from 20 mM to 1 mM are shown in Figure 4A . The same kinetics were observed when Rho was incubated with [a- 32 P] ATP, and the reactions were initiated by rapidly mixing with the RNA (data not shown). For each ATP concentration, the dynamics of ADP showed a characteristic biphasic behavior. The initial burst phase results from the fast hydrolysis step in the catalytic cycle. This is followed by a linear phase of steady-state growth that is controlled by a subsequent step in the cycle. The acid-quench burst amplitude increased hyperbolically with increasing ATP and reached The solid lines in the plot are fits to the kinetic model discussed below. P i Release Is Biphasic with an Initial Lag Next, we examined the time course for release of inorganic phosphate from the ATP binding site by using a coupled fluorescent assay (Brune et al., 1994 ) that was used previously in studies of T7 DNA helicase (Jeong et al., 2002; . Rho incubated with polyC RNA is reacted with ATP and PBP-MDCC in a stopped-flow apparatus. The fluorescent change of the PBP-MDCC was measured as a time series and its magnitude converted into P i concentration by using a standard curve. This trajectory is shown in Figure 4B for the same range of initial ATP concentrations as in the acid-quench assay. As in the acid-quench experiments, P i release is biphasic; however, instead of an initial burst of product, the increase in fluorescence is delayed. This delay is followed by a linear phase in P i production with a slope similar to that observed in the acid-quench experiments. This implies that the rate-limiting step is the same for both ADP and P i production.
Comparison of the acid-quench and P i release experiments in Figure 4C shows the delay between hydrolysis and inorganic phosphate release for an initial concentration of 300 mM ATP. Direct comparisons of these experiments over the full range of initial conditions show that the lag in P i release relative to hydrolysis fluctuates about a mean of w3.5 subunits ( Figure 4D ). In other words, on average, a subunit does not release P i until w3.5 other subunits have hydrolyzed ATP. This indicates that the ATP hydrolysis rate is faster than P i release. Furthermore, these results allow us to distinguish between 3-site and 6-site ATPase models as discussed below.
The Occupancy State of Subunits Defines Their Affinity for RNA The lag between ATP hydrolysis and P i release provides a method for measuring the affinity of a Rho hexamer subunit for RNA in the secondary site in the ADP-P i state. The data shown in Figures 4C and 4D suggest that when ATP is hydrolyzed to product, P i is not released while hydrolysis is taking place at neighboring sites. A model in which the ADP$P i state has a high affinity for RNA and a relatively long lifetime before P i is released would result in the RNA binding to three to four subunits simultaneously. Although no direct evidence exists for the number of subunits that concurrently bind RNA during translocation, comparison with other hexameric helicases suggests that ssNAs only interacts with one or two subunits at a time (Yu et al., 1996) . Mechanical considerations also dictate that three to four subunits should not bind RNA simultaneously, for binding of that many subunits to the RNA within the central channel should necessitate a significant and energetically unfavorable deformation of the RNA strand, inconsistent with processive translocation. Therefore, we conclude that a subunit in the ADP-P i bound state has a low affinity for RNA in the secondary site.
Of course, translocation of RNA requires specific, high-affinity interactions with motifs lining the protein's central channel (Chen and Stitt, 2004) , and this affinity must be modulated via conformational changes in order for Rho to processively move along the mRNA transcript. Because both the empty (Richardson, 1982) and product states have a low affinity for RNA, the ATP bound state of the subunit must have a high affinity relative to these and is responsible for the translocation step.
Constructing a Minimal Kinetic Cycle for ATP Hydrolysis and RNA Translocation
We begin by defining a minimal cycle for a single subunit with the following steps:
The top row is the catalytic state of a single subunit, and the bottom row denotes the subunit in RNA bound states. The abbreviations are as follows: CS, subunit catalytic site; CS$N, subunit bound to RNA; E, empty state; T*, weakly bound ATP; T, tightly bound ATP; DP, products; ADP$P i , hydrolysis products; D, ADP; and N$T* and N$T denote the weak and tight binding nucleotide states, respectively. The shaded reaction sequence shows the ''principle pathway'' for an individual subunit (see Discussion). We stipulate that a subunit is unable to adopt a conformation optimal for hydrolysis (tightly bound nucleotide state) in the absence of RNA and that the low-affinity states described in the previous section are short lived. Therefore these states are neglected, leading to a reduction of equation 1 to the following minimal cycle for a single subunit: As in other AAA proteins, we assume that an individual subunit applies force to the RNA strand to drive the translocation step during the weak-to-tight binding transition when the nucleotide progressively anneals its hydrogen bonds to the catalytic site Oster and Wang, 2000) . Structural data and mutational studies suggest that RNA interactions with motifs lining the inner channel contribute directly to its helicase and ATPase activity Richardson, 2001a, 2001b) . We imagine this assemblage of loops lining the inner channel of the protein as a set of mobile ''lever arms'' whose motions are driven by, and tightly coupled to, the nucleotide binding state of the individual subunits. The crystallographic structures of other hexameric motors suggest a generally applicable paradigm of loop-mediated translocation. For example, each subunit of the bacteriophage f12 RNA packaging motor has an RNA binding loop facing in toward the interior of its central channel whose position is coupled to the occupancy state of its ATP binding domain (Mancini et al., 2004) . A change in the chemical state of the ATP binding site propagates a large conformational change to the translocating loop attached to the RNA and exerts enough force to move the substrate (or the enzyme relative to the substrate). Recent evidence indicates that the RecA-like motors, such as (1) HSP100 chaperone ClpA, SV40 large T antigen, and p97/ VCP, all act similarly (DeLaBarre and Brunger, 2005; Gai et al., 2004; Hinnerwisch et al., 2005) .
Cooperativity in ATP Hydrolysis by the Individual Subunits of Hexameric Rho
Previous studies indicate that the hydrolysis cycles of individual subunits do not proceed independently . One way to distinguish between random and sequential power strokes is to study the activity of mixed hexamers made with wt and a RNA binding deficient mutant of Rho (Richardson and Ruteshouser, 1986) . The choice of mutant Rho is very important; we chose an RNA binding-deficient mutant instead of an ATPase-defective mutant because the interpretation of the results is more straightforward . Most ATPase defective mutants retain the ability to bind RNA (Miwa et al., 1995) , and if these mutants release RNA more slowly, then the presence of a mutant subunit in the mixed hexamer can block the rest of the wt subunits from binding or translocating on RNA. In such a case, a decrease in activity will be observed, but it does not allow one to distinguish between random and sequential mechanisms.
It has been shown that mutations in the Q loop affect the ability of the Rho protein to interact with the l cro RNA Richardson, 2001a, 2001b) . The RNA binding defect was specific to the secondary site that has been proposed to lie in the central channel of the Rho hexamer. The ATPase activity of the Q loop mutants is therefore not stimulated by the l cro RNA (Wei and Richardson, 2001b ). The Q loop mutant T286A Rho has been shown to be defective in secondary site RNA binding interactions and, hence, is ideal for this experiment. T286A Rho was mixed with the wt Rho in different ratios in the absence of ligands where they are expected to be dissociated (Geiselmann et al., 1992a) and under conditions of fast subunit exchange (Richardson and Ruteshouser, 1986) . After 30 min of preincubation, ligands were added to stabilize the hexamer and to assemble Rho around the RNA. Figure 5 shows the ATPase activity of the mixed hexamers. A steep decrease was observed in the ATPase activity with increasing ratio of mutant protein in the mixture.
To test whether the power strokes of individual subunits are random or proceed in sequence around the ring, we conducted simulations for both cases and compared them with the experimental results (see below). Figure 5 shows that when all subunits are made by the T286A mutant species À ½T286A
½T286A + ½wt = 1 Á , hydrolysis was greatly reduced. If RNA translocation is carried out by hexamer subunits at random, then after a power stroke the probability that the next power stroke is performed by a wt or mutant subunit depends on the ratio of the two species in solution. This mechanism would therefore predict that the overall hydrolysis rate will be proportional to the average of the wt fast rate and the mutant slow rate weighted by corresponding species amounts. Varying the ratios of the two species linearly would result in the hydrolysis rates changing linearly, as shown by the dashed line in Figure 5 . This assumes that both species form hexamers equivalently, which we believe is reasonable given that the mutation is far from the intersubunit interfaces. The experimental observation is that as [T286A] increases in the protein mixture, the l cro RNA-stimulated ATP hydrolysis rate decreases sharply. Thus, the nonlinear decrease in ATP hydrolysis rate rules out the random power stroke mechanism. We confirmed this observation by carrying out simulations for a sequential power stroke mechanism. The solid line in Figure 5 shows a nonlinear decrease in ATP hydrolysis rate in good agreement with the data. The details of how the simulations were conducted are described below after we introduce the algorithm of the kinetic model.
Mechanical Stress and Cooperativity
The mixed mutant-wt experiments shown above strongly support a sequential translocation mechanism and eliminate the possibility that the hydrolysis cycles of individual subunits proceed independently of each other. Liao et al. used arguments about the stress distribution in the T7 gp4 helicase to develop a minimal set of rules to enforce sequential hydrolysis and processive nucleic acid translocation . These same arguments can be applied, with some modification, to the hydrolysis cycle described above for Rho. Using the notation in equation 2 for each of the kinetic states, we propose the following assignments. (1) The power stroke transition N$T* (weak) / N$T (tight) occurs when RNA is bound to a single subunit. (2) The hydrolysis step N$T / NDP requires the next subunit to be in the RNA bound state N$T*. (3) The nucleotide binding transition T*/ N$T* cannot proceed until the previous subunit has completed its power stroke and is in the N$T state.
However, these assignments alone are not sufficient to describe the observed kinetics. In particular, P i release is delayed after initiation of the ATPase reaction, and this delay relative to hydrolysis is constant over a wide range of initial ATP concentrations. Therefore, it The steady-state ATPase activity was measured for a mixture of T286A and wild-type Rho. ATPase activity decreases as a function of increasing mutant subunits in solution. The solid line shows the predicted behavior for the sequential power stroke mechanism, whereas the dashed line shows the predicted behavior of a random power stroke model. appears that P i is tightly bound in the catalytic site after hydrolysis and does not release spontaneously. Structurally, this indicates that the catalytic site remains in the tightly bound configuration. Our chase-time experiments reveal that, in the absence of RNA, the Rho hexamer can only accommodate w3.5 ATP molecules in the tight binding state at one time. Additionally, the hexamer cannot bind the [BeF x ]$ADP nonhydrolysable analog at all of its sites simultaneously.
Assuming that these tightly bound states are structurally similar, we propose that a similar mechanical constraint is imposed upon the number of sites that can remain in the ADP$P i product state. In our kinetic scheme, the N$T* / N$T transition is the only force-generating step and the only one that confers stress onto the ring. This stress radiates asymmetrically from the site to adjacent subunits due to the asymmetric interactions of the two subunits that comprise the catalytic site with the bound ATP molecule (see Figure 1D ). We propose that the power stroke at the hydrolyzing subunit induces stress asymmetrically in the ring that assists in releasing P i at bound sites. This stress must have a negligible effect on the preceding subunits because, on average, 3.5 subunits remain in the ADP$P i state before releasing inorganic phosphate (the DP / D transition). Therefore, we add the following cooperativity enhancement to the scheme described above: (4) the DP / D transition is enhanced by preceding subunits in the N$T state.These cooperative transitions are implemented as a set of four rate enhancement factors and a cofactor defining the spatial dispersion of stress caused by tight ATP binding. For all other transitions, the rate constants are independent of the state of other subunits in the ring.
An analysis of the experiments above provides a general scheme for the catalytic cycle of Rho. The ATP bound state has a high affinity for RNA, whereas the ADP$P i , ADP, and empty states have low affinity for RNA. Because translocation requires the RNA binding domain to have a high affinity for its substrate, we are able to isolate the mechanochemical coupling step that transduces ATP binding energy to mechanical motion. Docking of ATP to a subunit's nucleotide binding site facilitates RNA binding; the power stroke that drives RNA translocation must occur as the ATP anneals into a tight binding configuration in the catalytic site. The power stroke brings the RNA strand within reach of the next subunit in the ring, and fast ATP hydrolysis dissociates the RNA from product bound subunit such that translocation may continue sequentially around the hexamer.
Kinetic Pathways
The state of the hexamer can be described by the individual ligation states of the subunits described in the kinetic scheme (2). The evolution of these states in time can be described as a set of pseudo first order rate equations:
where c(t) is the concentration vector of all possible kinetic states. Given our simplified kinetic scheme, c(t) is a vector containing N = 6 6 = 46,656 elements, and K is an N 3 N rate matrix constructed from the six forward and eight backward rate constants:
The rate constants are scaled by the enhancement factors such that transitions satisfy the four cooperativity rules while maintaining detailed balance. Transitions are restricted to those in which a single subunit state changes. We determine a set of rate constants and enhancement factors by using a modified version of the algorithm developed by . An initial trial set of fitting parameters (11 rate constants and four enhancement factors) is systematically refined to obtain the best-fit rate constants, which minimize the least square error between the experimental data and the theoretical fit determined by our simulations. The results obtained by this computation are superimposed on the presteady-state kinetic data, and the best-fit rate constants are compiled in Table 1 . The fit to the data captures both the transient and steady-state behavior for both the acid-quench and PBP$P i release experiments.
To determine the sensitivity of our fit to the value of each rate constant, we varied that constant while keeping all others fixed. We then computed the time trajectories and the corresponding residual error of the new parameter set as compared to the best-fit parameters. We chose a tolerance residual error w10% of the prediction error. The upper and lower bounds of each rate constant reported in Table 1 are identified when the corresponding residual error equals the tolerance residual error. The bold-faced values in Table 1 are of the same order of magnitude as the best-fit constants. Some of the parameters can be varied over several orders of magnitude without affecting the goodness of fit. Although we optimized many parameters, the relationship between the values of some of these-such as the binding and unbinding of ATP-is constrained by experimentally determined bulk dissociation constants. This constrains the search in parameter space for six out of the 11 fitted parameters.
Simulations were also performed for a model in which only three of the six sites were catalytically competent to undergo hydrolysis and translocate ssRNA. This model was unable to capture the lag in P i release observed in the presteady-state fluorescent measurements (data not shown). Because only three sites are able to turn over product, and assuming that hydrolysis is sequential, the maximum possible lag between hydrolysis and P i release is two subunits. This result is not consistent with the experimental data presented in this study.
The least-squares best-fit rate constants tabulated in Table 1 show that the initial nucleotide concentration [ATP] 0 determines the rate limiting step in the kinetic cycle. When [ATP] 0 is low, the ATP docking step (E / T*) is rate limiting. Increasing [ATP] 0 changes the rate-limiting step. At intermediate concentrations (w100 mM), both the E / T* and DP / D are of the same order; at higher [ATP] 0 , P i release (DP / D) dominates as the rate-limiting step. The slow DP / D step is consistent with the observed delay between hydrolysis and P i release. The fast rate of the mechanical power stroke transition N$T* / N$T confirms the validity of approximating this step as a distribution of waiting times in a source state with an instantaneous kinetic jump between states. Calculated values for the K D of P i (22 mM), ATP (11 mM), and ADP (32 mM) are in good agreement with the experimentally determined values of these quantities .
Modeling Mutant Poisoning Results
The same framework used to construct a model of the presteady-state kinetics can be used to simulate the behavior of the RNA binding-deficient mutant. We assume the mutant and wild-type subunits form hexamers equivalently. Therefore, subunit association remains random, and the distribution of mutant subunits is not biased. Different proportions of wild-type versus mutant species give different distributions of mixed hexamers, e.g., WWWWWW, MWWWWW, etc., where W represents the wt subunit and M represents the mutant subunit. For a given mixture of wt and mutant subunits, there are a total of 64 kinds of mixed hexamers. Their initial distributions can be computed from the ratio of [T286A] versus [wt] . For each species, the kinetic equations are formulated and the steady-state hydrolysis rate computed. For a mutant subunit unable to bind RNA, the states N$T* and N$T are not reachable. However, this subunit is still able to hydrolyze ATP at the basal rate observed in the all mutant hexamers. Thus, we have the following catalytic cycle for mutant subunits: E 4 T* 4 T 4 DP 4 D 4 E.
We also make a preliminary assumption that all rate constants, except the hydrolysis step, are the same as those for the wild-type subunits. The power stroke here, T* / T, has the same rate constants as N$T* / N$T. The hydrolysis step T / DP, however, becomes the rate-limiting step because of the lack of subunit coordination described above. The basal hydrolysis rate can be found by fitting to the data of all mutant species (MMMMMM). With this rate constant and all others known, we construct the rate matrix for each species and obtain its corresponding steady-state hydrolysis rate. From the distributions of all species for a particular [T286A] versus [wild-type] ratio, we then weight them accordingly and obtain the average steady-state hydrolysis rate for each case. The simulated results for this sequential power stroke mechanism are shown as the solid line in Figure 5 . In this scenario, the substitution of a single mutant subunit into the hexamer completely abolishes sequential hydrolysis. The RNA, unable to bind to the mutant subunit, cannot continue translocation around the ring, promoting fast hydrolysis at the wt subunits.
Conclusions
Based on our experimental observations and computational modeling, we present a consistent mechanochemical model for ssRNA translocation by Escherichia coli transcription termination factor Rho ( Figure 6 ). We conclude that all six ATP binding sites are equivalent and participate in the hydrolysis of ATP and that sites undergo a transition between loose and tight binding of nucleotide during translocation Geiselmann et al., 1993; . Although our data show that less than six protomers bind ATP tightly simultaneously, we believe this is a consequence of negative cooperativity induced by circumferential stress in the ring rather than several persistent classes of ATP binding sites . Similar negative cooperativity in nucleotide binding has been observed in other hexameric helicases Jezewska et al., 2005a Jezewska et al., , 2005b Rajendran et al., 2000) . In particular, recent careful nucleotide binding experiments performed by Bujalowski and colleagues have definitively shown for the RepA helicase that the heterogeneity in macroscopic affinity constants of homomeric rings can result from negative cooperativity between subunits and are not the result two distinct classes of binding sites that arise after assembly of the protein (Jezewska et al., 2005a (Jezewska et al., , 2005b .
Here, we have shown that Rho displays negative cooperativity in the binding of both ATP and nonhydrolyzable analogs, both with and without RNA present. We have shown how dynamic stresses in a ring-shaped motor protein can regulate and coordinate the hydrolysis cycle of neighboring subunits. This occurs both via interfacial interactions between subunits of the protein and via the RNA substrate during translocation. Although most of the communication occurs between adjacent subunits, stress can propagate around the ring producing weaker-but still important-effects on nonnearest neighbor subunits. That is, stress mediates both local and long-range regulation of the catalytic cycle.
Experimental Procedures
Protein, RNA, and Buffer Rho protein was overexpressed in E. coli strain HB101 carrying the Rho overexpression plasmid pKS26 kindly provided by Dr. Katsuya Shigesada (Department of Genetics and Molecular Biology, Kyoto University, Kyoto, Japan) and purified according to Finger and Richardson (1981) with slight modifications. Rho protein concentration was determined by UV absorption at 280 nm using an extinction coefficient of 0.325 (mg/ml) 21 cm 21 (Geiselmann et al., 1992b ). T286A Rho protein was a kind gift from John Richardson (Indiana U., Bloomington) (Wei and Richardson, 2001b) . Indicated Rho protein concentration is in hexamer hereafter. ATP and RNA homopolymer, polyC, were purchased from Amersham Pharmacia Biotech. PolyC RNA had a reported S 20,w value of 7.1 in 0.015 M NaCl, 0.0015 M sodium citrate buffer, pH 7.0 with an average length of 420 bases, and its concentration was determined by UV absorption at 269 nm using an extinction coefficient of 6200 M 21 cm 21 for the cytosine base. The RNA was dissolved in TE buffer (40 mM TrisHCl [pH 7.0], 0.5 mM EDTA) and used without further purification. l cro RNA was prepared by in vitro transcription (Ambion MEGAscript) using the TaqI-digested pIF2 plasmid (kindly provided by John Richardson) (Faus and Richardson, 1989) . The l cro RNA was purified by using the MEGAclear kit (Ambion). The l cro RNA concentration was determined by UV absorption at 260 nm using an extinction coefficient of 3,764,500 L/mol.cm. Rho buffer contains 40 mM TrisHCl (pH 7.7), 100 mM KCl, 10 mM MgCl 2 , 0.1 mM dithiothreitol, and 10% (v/v) glycerol.
Nucleotide Binding Experiments
Nitrocellulose membranes (Schleicher & Schuell) were treated as previously described and equilibrated in the Rho buffer prior to use. Rho (2 mM hexamer), polyC (12 mM molecules), and [a-32 P]ATP were incubated in the Rho buffer for 30 min at 20ºC, resulting in complete hydrolysis of ATP. ADP (1-200 mM) was added, and the mixture was further incubated for 15 min followed by the addition of [BeF x ] (0.5 mM) prepared by mixing 0.5 mM BeCl 2 with 2.5 mM NaF. After incubating the mixture for 15 min, the solution was filtered through a prewetted nitrocellulose membrane followed by immediate washing with 400 ml of the Rho buffer. Control experiments were carried out at each [ADP] in the absence of added Rho. The washed and unwashed nitrocellulose membranes were dried and exposed to a phosphor screen. Nonspecific binding of radioactive ADP to nitrocellulose in the absence of Rho was less than 1%. The amount of [BeF x ]$ADP bound per Rho hexamer was calculated from the fraction of counts on the washed membrane relative to the counts on the unwashed membrane times the total concentration of ADP in the reaction mixture.
Presteady-State Chase-Time Kinetics of ATP Hydrolysis
The experiment was conducted on a rapid quench-flow instrument at 18ºC. Rho protein (2 mM hexamer) was mixed with [a-32 P]ATP + ATP (2-400 mM), and the mixture was loaded into the quench-flow instrument. Reactions were initiated by rapidly mixing an equal volume of the mixture containing polyC (2.68 mM) and unlabeled ATP (10 mM). After various times, the reactions were quenched with 4 M formic acid and the products were analyzed as above. The ATP hydrolysis kinetic data were corrected for inefficient chase by subtracting the slow linear increase following the exponential phase. The resulting chase-time kinetics were fit to a single exponential
where D(t) is the ATP concentration at time t, A is the burst amplitude, and k 1 is the exponential rate constant.
Presteady-State Acid-Quenched Kinetics of ATP Hydrolysis
The kinetic experiments were conducted on a rapid chemical quench-flow instrument at 18ºC (KinTek RQF3 software, State College, PA). Rho protein (2 mM hexamer) was incubated with polyC (2.68 mM RNA), and the mixture was loaded into the quench-flow instrument. Reactions were initiated by rapidly mixing equal volumes of Rho-RNA complex with a mixture containing [a-32 P]ATP + ATP (2-400 mM). After various times, the reactions were quenched with 4 M formic acid. An aliquot of the quenched reactions was spotted on PEI-cellulose TLC and developed in 0.4 M potassium phosphate (pH 3.4) solution. Unreacted ATP and product ADP were quantitated by using a PhosphorImager and ImageQuant (Molecular Dynamics). The molar concentration ADP was plotted versus the time of reaction. These kinetics were fit to the burst equation
where D(t) is the ATP concentration at time t, A is the burst amplitude, k 1 is the exponential rate constant, and m is the slope of the linear phase.
Presteady-State Kinetics of Inorganic Phosphate Release
The single cysteine mutant (A197C) phosphate binding protein (PBP) was expressed and purified as described (Brune et al., 1994; Jeong et al., 2002) . Labeling of the A197C PBP protein with MDCC and further purification of the labeled protein (PBP-MDCC) were performed as described (Brune et al., 1994; Jeong et al., 2002) . Fluorescence stopped-flow kinetic experiments were performed with an instrument manufactured by KinTek Corp. (State College, PA). Inorganic phosphate release reactions were performed in the Rho buffer at 18ºC. The fluorescence signal of PBP-MDCC was calibrated by using P i standard on the stopped-flow apparatus as described (Jeong et al., 2002) . A 40 ml solution containing Rho (200 nM hexamer), polyC RNA (400 nM), and P i -mop (0.5 U/ml PNPase with 300 mM 7-MEG) was rapidly mixed with 40 ml of ATP (40-2000 mM), P i -mop, and 10 mM PBP-MDCC in the stopped-flow instrument at 18ºC. The fluorescence changes of PBP-MDCC were monitored by using an excitation wavelength of 425 nm and monitoring the emission above 450 nm using a cut-off filter (Corion LL-450 F). For each experiment, at least four fluorescence traces were averaged. The fluorescence changes were converted to the concentration of released phosphate by using the standard curve. The concentration of released phosphate per Rho hexamer was plotted versus time of reaction.
ATPase Activity of Mixed RNA Binding-Deficient Mutant Hexamers Mixing of wild-type Rho and T268A mutant proteins was carried out as described previously (Richardson and Ruteshouser, 1986 ) to assure maximum subunit exchange. The two proteins (total concentration 20 nM) were incubated on ice in Rho buffer without Mg 2+ for 30 min. Subsequently, MgCl 2 and 50 nM l cro RNA were added and the mixture was incubated at 37ºC for an additional 5 min. ATP hydrolysis was initiated by addition of 0.5 mM ATP + [a-32 P]ATP, and the reaction was terminated after 5 min with 4 M formic acid. ATP and ADP were resolved on a PEI-cellulose TLC and quantitated on a Phosphoimager.
Cooperative Kinetics in a Hexameric Ring
Cooperative kinetics are modeled by applying a multiplicative enhancement factor to both the forward and backward elementary reactions to ensure detailed balance. The T7 helicase model enforced sequential hydrolysis and processive translocation because the underlying physical mechanism allowed communication only between adjacent subunits . The data for Rho required relaxing this constraint so that the release of inorganic phosphate involves ''next-nearest-neighbor'' subunits. That is, the closing of the subunit interfaces in response to tight binding of ATP enhances the circumferential stress around the ring so that the asymmetry of the ATP binding site propagates stress preferentially to subunits ahead of the hydrolyzing subunit. We model this effect as an enhancement factor exp(2a$Dx), where a determines the rate of stress attenuation, and Dx is the circumferential distance from the site that is in the tightly bound ATP state N$T. To maintain detailed balance, the modified rate for the forward reaction is k(DP / D)$exp(2a$Dx) and that of the reverse rate, k(D / DP)$exp(a$Dx). Of course, the ring is not an isotropic elastic body, so the exact form of the stress is not easy to compute; thus, the functional form we have used is a rough approximation to the actual physics. How Rho Exerts Its Muscle on RNA Rho factor in bacteria terminates transcription by using energy from ATP hydrolysis to forcefully dissociate the transcripts from RNA polymerase. Adelman et al. (2006) used data from presteady-state ATPase kinetics to support a rational mechanistic model for Rho's action on RNA.
The process of transcription involves the formation of a stable complex of RNA polymerase with a DNA template and nascent RNA. The stability of this complex allows for efficient synthesis of transcripts that have as many as several thousand nucleotides. The termination of transcription thus requires either a special set of sequences that causes RNA polymerase to relax its strong interactions or the forceful dissociation of the RNA. In many bacteria, both mechanisms are used, depending upon the transcript and the biochemical context. Forceful dissociation is mediated by Rho factor, a protein that uses energy derived from the hydrolysis of ATP to provide the force. In a paper published in a recent issue of Molecular Cell, researchers from the laboratories of George Oster at the University of California at Berkeley and Smita Patel at Rutgers use presteady-state ATP hydrolysis kinetic data to propose a mechanism in which all six of Rho's subunits are catalytically competent and hydrolyze ATP sequentially to drive RNA translocation by the weak-to-tight binding transitions of nucleotides in the catalytic sites (Adelman et al., 2006) .
Rho is a ring-shaped hexamer of identical subunits (Gogol et al., 1991) . Each subunit has two distinct domains. One binds an RNA segment through a classic OB-fold, whereas the other is composed of RecA-like ATPase motifs and interacts with RNA during ATP hydrolysis (Richardson, 2002) . The organization of the six subunits was revealed from the determination of Rho's structure as a crystalline complex with short oligonucleotides and a nonhydrolyzable ATP analog . In the two complexes that were analyzed, the protein was in the form of a gapped ring, which is presumably the form used to load onto an RNA molecule. This loading process likely involves binding of contiguous RNA segments emerging from RNA polymerase to a site that extends across the six OB-fold domains. Once it is filled, the ring is believed to close, surrounding the segment of RNA between the part bound in the extended site and the 3 0 -distal part emerging from the exit channel of RNA polymerase. Translocation of Rho toward the 3 0 end of the surrounded RNA occurs as a result of concerted binding actions on the RNA coupled to ATP hydrolysis. The force of Rho on the RNA chain wrests it from the exit channel of RNA polymerase, terminating further transcriptional elongation.
Several prior studies have shown that Rho binds about three ATP molecules per hexamer with a high affinity (K D w1 mM) in the absence of RNA . However, there has been some dispute in the literature concerning whether it has additional binding sites with a much lower affinity and whether the additional sites participate in catalytic turnover of ATP molecules during steady-state hydrolysis. Adelman et al. (2006) address these issues by using two new approaches and conclude from their analyses that all six subunits are catalytically competent and hydrolyze ATP sequentially.
First, they used a coupled fluorescent assay for free inorganic phosphate (Pi) to measure the presteady-state kinetics of formation of Pi by Rho action. When these data were compared with those for the kinetics of formation of total ADP (by an acid-quench procedure), the increase in free Pi was found to be delayed by an amount that was equivalent to 3.5 Pi molecules per hexamer throughout the reaction. This result indicated that on average a subunit does not release a Pi molecule until w3.5 other subunits have hydrolyzed ATP. Besides showing that ATP hydrolysis is faster than Pi release, these results imply that more than three sites are involved in steady-state ATP hydrolysis.
The second approach involved the application of a new algorithm to fit the data from the presteady-state measurements of total ADP and free Pi to a six-step kinetic scheme for each of the six subunits. This procedure yielded curves with excellent fit to the data. However, most importantly, attempts to fit the data to a model in which only three of the six subunits were catalytically active failed to reproduce the lag in Pi release that was found experimentally.
The paper also presents a number of other experiments that provided information used in formulation of details of the model and evidence confirming the cooperativity in ATP hydrolysis by the individual subunits of hexameric Rho. For instance, about 4.8 molecules of a tight binding but catalytically inactive analog of ATP ([BeF x ]$ADP) were shown to be bound per Rho hexamer complexed with RNA, indicating that the Rho-RNA complex is capable of binding more than three but less than six nucleotides. Adelman et al. (2006) propose that the reason the number is less than six is because of negative cooperativity among the nucleotide binding sites. They also confirm results from the Stitt lab showing that Rho can accommodate only about 3.5 ATP per hexamer and again contend that it is less than six because of negative cooperativity. These constraints become important parts of their specific kinetic model.
In the model, RNA translocation occurs stepwise by a sequential mechanism. A weak interaction of RNA at a flexible loop, perhaps the Q loop (Wei and Richardson, 2001) , of a subunit with ADP in the nucleotide site is converted to a strong interaction by an exchange of ATP for ADP. The simultaneous binding of the subunit to RNA at the loop and to ATP causes a conformational shift to a tight binding state that involves a motion of the flexible loop, powering the translocation of the bound RNA. ATP hydrolysis occurs after reaching this state. The motion of the RNA strand brings it into contact with the next Previewssubunit in the hexameric ring, while the hydrolysis of the ATP in the former subunit causes the strand to be released from it. Sequential repetitions of these steps from one subunit to the next around the ring cause the unidirectional translocation of the RNA through the ring.
Although other kinetic schemes could presumably be proposed that would provide fits to the data, this particular model is attractive because of its rational use of what is currently known about the structure of Rho and how it interacts with RNA. The model also explains how Rho can terminate a transcript by using its muscle to pull the transcript out of the exit channel of RNA polymerase.
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